Abstract-This study explored the relationships between moderate resolution imaging spectroradiometer (MODIS) NDVI observations with both measured and simulated fractional green cover (FGrC), leaf area index (LAI), and above ground biomass (AGB) for dryland wheat in Australia. A total of 37 paddocks in north-western Victoria, Australia, were sampled during [2003][2004][2005][2006] for AGB at anthesis, and for FGrC, NDVI (from an active optical sensor), and AGB during 2012. The 2012 FGrC and NDVI measurements were fitted to MODIS NDVI, resulting in positive, linear relationships when the MODIS NDVI values were . Measured AGB was also positively, linearly related to MODIS summed NDVI, resulting in an overall of 0.81 and root mean square error (RMSE) of 1397 kg/ha. Crop simulations were run for the fourteen paddocks from 2003 to 2006, and six paddocks from 2012. Four crop phenological points were selected to extract corresponding NDVI and simulated crop parameters: emergence, peak LAI, the mid-point between emergence and peak LAI, and anthesis. Linear models were fit between the MODIS NDVI and simulated values of FGrC, LAI, and AGB. Overall, the highest values corresponded to using all of the dates for FGrC ( ) and AGB ( ), and anthesis dates for LAI ( ). For FGrC and AGB, the RMSE with simulated parameters were comparable or better than the equivalent results from the in situ measurements (note that there were no LAI in situ measurements to compare with). The results support the notion for extending the value of the MODIS NDVI using crop simulation models. The combination of remotely sensed and simulation data might offer regional maps of spatial AGB and ultimately grain yield, which would have high value for research, resource management, policy, and potentially, crop management.
I. INTRODUCTION
T HE Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation index products provide observations at near-weekly intervals and 250 m spatial resolution, and the MODIS Enhanced Vegetation Index (EVI; [1] ) product is being used across the state of Victoria, Australia, to provide regional maps of land cover for cropping areas [2] . While very sensitive to changes in vegetation, such remotely sensed data cannot directly measure above ground biomass (AGB) on a per unit area or yield per unit area basis. Regression estimates can be made but they are not universal, and when moved to other location/times will require refitting parameters. Alternatively, crop simulation models provide estimates of fractional green cover (FGrC), AGB, and grain yield, and are less problematic to recalibrate, but generally provide output for a single point (e.g., plot or paddock). The combination of remotely sensed and simulation data might offer an opportunity to generate regional maps of AGB and yield. In addition, simulation models offer the ability to explore effects such as climate, cultivar selection, and soil limitations on yield for past and future production. This capability would have high value for research, resource management, policy, and potentially, crop management.
Research relating vegetation indices, such as the Normalized Difference Vegetation Index (NDVI; [3] ) to AGB and leaf area index (LAI) for wheat and other crops dates back more than 30 years, beginning at the plot scales (e.g., [4] and [5] ). An excellent review of the fundamental theory and research relating vegetation indices measured from space and the fraction of light interception and net primary productivity is provided in [6] . There are numerous examples relating vegetation indices from satellite imagery with in situ measurements of AGB and LAI, but much of the research has produced local (plot size to subregional scale), empirical relationships. For example, [7] and [8] reported good relationships ( of 0.92) between MODIS indices and LAI for corn and soybean measured throughout the growing season using exponential equations fitted between scaled NDVI and measured LAI. In [9] , an exponential relationship was developed between NDVI from Landsat TM and measured AGB in winter wheat, but this research found that the best linear relationship using MODIS reflectance imagery was based on the shortwave infrared reflectance. In [10] , a logarithmic relationship was determined between NDVI from Landsat TM, and ground-based measurements of LAI for irrigated wheat. An LAI product is available from MODIS [11] , but validation studies recognize the need for algorithm improvement (e.g., [12] - [16] ). In addition to the uncertainties associated with the LAI modeled parameter (e.g., assumption of land cover type), the 1-km pixel footprint may lead to mixed land cover pixels even for dryland wheat paddocks.
As with research linking satellite vegetation indices with measured biomass and LAI, there have been numerous studies and a range of approaches taken to link vegetation indices with crop simulations. In [17] , a simple, daily time step model was developed that determined the increase in biomass with fPAR (fraction of photosynthetic light absorbed through the canopy) which was compared with remote sensing estimates of LAI. In [18] , a crop growth model was modified to accept daily time measurements of LAI to simulate agronomic parameters such as AGB. Their results indicate that estimates of AGB early in the season could be more accurate through the use of derived empirical relationships between LAI and AGB. Other research [19] also utilized direct substitution of measured LAI into the simulation models, but identified other state variables, such as soil nitrogen, which may also need systematic correction. Some studies have developed sophisticated methods to integrate the crop growth models with LAI from remote sensing, using advanced optimization (e.g., [20] ) and radiative transfer models to simulate the vegetation indices (e.g., [21] , [22] ).
The research to date offers promising results, although the broad range of approaches and recommendations mean there will probably not be one universal and robust approach. In order to determine the potential for linking MODIS vegetation indices and crop simulation models, we needed to perform an evaluation that encompassed several years of data and multiple paddocks. Our objectives for this study were to evaluate the relationships between MODIS vegetation indices of broad acre rainfed wheat crops in southern Australia, at the 250 m spatial resolution for 1) in situ measurements of FGrC and AGB and 2) simulated FGrC, LAI, and AGB using a crop model. In this paper, we explore the relationships between MODIS observations with both measured and simulated AGB, FGrC, and LAI for rainfed wheat in Victoria, Australia.
II. METHODS

A. In Situ Measurements
The datasets used in this study were acquired in the northern Wimmera and southern Mallee regions in north-western Victoria, Australia. The area is predominantly rainfed cereal, pulses, and oilseed crops. All paddocks sampled were wheat, which is typically sown in May and harvested in December or early January. The environment is semiarid, with an average annual rainfall ranging from 350 to 420 mm, most of which falls between April and October inclusive. The soils are mainly Calcaresols (calcareous soils) and Sodosols (red-brown earths), with some Vertosol (grey clays) [23] , [24] .
Fourteen paddocks were sampled during 2003-2006 [25] to provide initialization and calibration data for crop simulation models; biomass measurements were made near Zadoks [26] 65 (anthesis), and were used in this study as in situ measurements of AGB at anthesis for these paddocks. The biomass measurements were made at 10 survey points per paddock, with of crop area cut per point. Samples were oven dried and the AGB in kg/ha was determined from the dry weights and area sampled.
In situ measurements of biomass, FGrC, and active optical NDVI were also made in 23 paddocks during the 2012 season; each paddock was sampled at least four times during the growing season [27] . Note that all the measurements or simulations within 7 days of Zadoks 65 are all referred to as anthesis. The 2012 in situ data was collected in three sites within each paddock. These sites were selected at the start of the season, and were at least 50 m from the boundary, and 50 m apart. The data from the three sites were averaged to represent the paddock. AGB was determined from biomass cuts; plants were collected from a total row length of 4.5 m from each paddock for each sample date. The crop row spacing was measured to determine the crop area represented by the sampled biomass. Samples were oven dried and the AGB in kg/ha was determined from the dry weights and area sampled. All of FGrC was determined using overhead canopy photos, taken from a standard digital camera held ca. 1.5 m above the ground and pointing directly downwards. These photos were converted to FGrC using the software "canopy.exe" [28] . A Crop Circle ACS-470 active optical sensor (Holland Scientific, Lincoln, NE USA) was used to measure NDVI at each of the sites. The sensor was held at ca. 1.0 m above the crop canopy and oriented to measure a footprint across four rows of the crop. The datasets from 2003 to 2006 were collected using a paddock transect method [25] , whereas the 2012 field measurements were made at three separate points within a paddock. For each dataset, the in situ crop measurements for each paddock and date were averaged to produce a single value to compare with the corresponding MODIS NDVI.
B. MODIS NDVI Time Series
All available imagery from the TERRA and AQUA platforms for 2003-2006 and 2012 were used. Initially, NDVI and EVI values were compared for several time series. Both these indices were highly correlated, although the NDVI demonstrated less variance between platforms and through time, and so only NDVI was used. A single pixel was selected for each paddock from the MOD13 250 m resolution composite day of the year and NDVI products. The selection was based on the closest possible pixel to the in situ measurements, but also had to be within the confines of the paddock boundary as indicated in a corresponding land cover dataset [2] . Two Gompertz functions were fitted to each NDVI time series using Genstat [29] . As shown in (1), the Gompertz equation was used to fit observed NDVI to the corresponding composite day of year (DOY) for all available growing season dates (for a given year) for a given paddock, resulting in a set of parameters estimates for A, C, B, and M The increasing (left) and decreasing (right) sides of the annual growth cycle were fitted separately, each resulting in a set of parameter estimates. To produce a fitted NDVI curve, DOY was used to generate an estimated NDVI with both the left and right curve parameters. The complete NDVI curve was generated using the increasing curve parameters until reaching the DOY where NDVI matched the value generated by the decreasing curve. For that DOY onward, the decreasing curve parameters were used to determine NDVI. This provided a way to determine NDVI values for the same DOY as biomass measurements or crop simulations. To generate a cumulative value of NDVI, the initial fitted value (baseline) of NDVI was subtracted from each fitted NDVI value, and the values were summed with daily time steps. Fig. 1 gives an example of the MODIS NDVI curve fitting, and resulting summed values.
C. Crop Simulation
For 2003-2006 datasets, the APSIM model (version 7) [30] was used to simulate FGrC, LAI, and AGB of wheat. The model was initialized from measured soil water and mineral N, soil water holding characteristics, weather data, fertilizer application rates and dates, sowing dates, cultivar, and row spacing. Observed and simulated biomass at anthesis and yields were compared to test the model performance. For the 2012 datasets, the Yield Prophet program, which uses APSIM for crop simulation, was initialized based on local conditions and run without yield or biomass calibration. The models were run with daily time steps, and the simulated FGrC, LAI, and biomass were extracted from the model output for the required dates. Table I . While the values for FGrC and NDVI are similar, the fitted linear equations are not. The slope of the equation between in situ NDVI and MODIS NDVI is close to unity, indicating a high level of direct correlation. The nonzero intercept is expected as differences between NDVI values from active optical sensors and other sensors have been reported [31] . However, the FGrC equation indicates that while NDVI is highly correlated with FGrC they are not equivalent.
III. RESULTS AND DISCUSSION
A. MODIS NDVI and In Situ Measurements
The in situ AGB across all years (2003-2006 and 2012 ) and all paddocks plotted against MODIS summed NDVI is shown in Fig. 3 . Relative to the FGrC and NDVI measurements, there is a marked increase in variance as the measured biomass increases. This is due in part to the increase of nonphotosynthetic biomass approaching and following anthesis, which contributes to the measured biomass, but is not detected by the MODIS NDVI. The in situ AGB was fitted to MODIS summed NDVI using both linear and exponential equations (Fig. 3) ; the results of the model fitting are reported in Table I . Fitting an exponential equation improved the slightly from 0.81 to 0.84 and reduced the RMSE from 1397 to 1297 kg/ha.
B. MODIS NDVI and Simulated Agronomic Parameters
For the 14 broad acre wheat paddocks in [2003] [2004] [2005] [2006] , and six paddocks in 2012, satisfactory agreement was obtained between observed and predicted wheat growth at anthesis [ Fig. 4(a) ], where the overall RMSE for AGB at anthesis was 1164 kg/ha. For grain yield, greater variation between observed and predicted values occurred at some sites [ Fig. 4(b) ]. For one site, which was a paddock located on a Tenosol soil (siliceous sands), the model substantially under predicted yield, which may be due to poor modeling of postanthesis water dynamics on this soil type. Overall, the RMSE was 665 kg/ha for the yield comparison, which is typical for these simulation models.
The crop simulations provided daily output, so direct comparisons with the MODIS fitted NDVI values for any date during the growing season could be made. Fig. 5 shows an example comparison of MODIS NDVI with the corresponding crop simulation output for a single paddock during one growing season. To simplify the analyses, four points at fixed phenological crop stages were selected to extract corresponding NDVI and simulated crop parameters: emergence, peak LAI, the mid-point between emergence and peak LAI, and anthesis. Because there were no direct observations of the exact dates for these events, the simulation output was used to indicate the dates. For each paddock and year that was simulated, the corresponding values of FGrC, LAI, AGB, MODIS NDVI, and MODIS summed NDVI were extracted from the respective datasets. Fig. 6 shows the resulting graphs for FGrC, LAI, and AGB from simulation output plotted against MODIS NDVI and summed NDVI for all available paddocks and years.
The graphs confirm that the maximum values of FGrC and LAI occur at peak LAI, while the peak AGB occurs around anthesis. However, as seen with the in situ measurements, the MODIS NDVI appear to saturate near NDVI of 0.80 when graphed against FGrC [ Fig. 6(a) ] and LAI [ Fig. 6(b) ]. This limits the applicability of the relationship with FGrC and LAI at the time of peak LAI. Using MODIS summed NDVI produced a linear relationship with AGB to anthesis. Linear models were fitted to the FGrC, LAI, and AGB data with MODIS NDVI and summed NDVI as shown in Table II . As indicated in the graphs in Fig. 6 , the time of peak LAI generates the lowest values and largest RMSEs. For LAI, using summed NDVI in place of NDVI improved the fit from to . For FGrC, LAI, and AGB, using anthesis data improved the values and/or produced smaller RMSEs. Overall, the highest values corresponded to using all of the dates for FGrC and AGB, and anthesis for LAI. For FGrC and AGB, these results were comparable or better than the equivalent results from the in situ measurements (there were no LAI in situ measurements to compare with).
C. Future Work
There are both opportunities and challenges in the next step to use a fitted model between AGB and MODIS NDVI to estimate AGB across the landscape. One of the requirements is accurate crop-type information because of potential similarities in seasonal MODIS NDVI response between different crops. In this study, wheat paddocks were selected from grower information and ground observations. To assess wheat paddocks across the entire region, the methods used to produce the land cover component of the Victoria Land Use Information System [2] based on MODIS EVI could be used to identify pixels corresponding to wheat. Crop classification is an ongoing area of research, and methods to generate high-resolution crop mapping (e.g., [32] ) should be explored.
Another area for further investigation is the selection of the sensor and vegetation indices. MODIS was chosen in this study because of the availability of land cover derived from the MODIS EVI product, the appropriate scale for dryland wheat across the region of north western Victoria, and the availability of the NDVI on a biweekly basis to develop the growth season response curve. MODIS is a legacy instrument, so the next generation of spaceborne instruments suitable for regional scales offering greater accuracy should be evaluated. The Visible Infrared Imaging Radiometer Suite (VIIRS) instrument (http://npp.gsfc.nasa.gov/VIIRS.html) has potential utility, but verification and testing are needed to assess the impacts of the differences in instruments, vegetation indices derived, and pixel sizes (i.e., the increase of nominal pixel size from 250 to 375 m per side). High spatial resolution satellite sensors such as RapidEye (http://blackbridge.com/rapideye/) may provide sufficient temporal resolution to define the seasonal growth curve for individual paddocks, with the potential to characterize variability within paddocks. Along with the selection of sensor, future research might include exploring the use of indices other than NDVI. In this study, the MODIS NDVI product was used after initial comparisons with the MODIS EVI product, which appeared more variable between the MODIS platforms and through time. However, indices other than NDVI should be evaluated given reported results. For example, [33] compared the green chlorophyll index ( ), based on the ratio of near infrared and green reflectance bands with gross primary productivity measured for maize at various growth stages. While NDVI and EVI showed a nonlinear, asymptotic response with increasing GPP, the values were linear and strongly, positively related. Ref. [34] reported on the use of indices developed for canopy chlorophyll assessment to characterize gross primary productivity for six varieties of wheat at different phonological stages. The [35] , MCARI [36] and MTCI [37] showed strong positive, linear relations with canopy chlorophyll concentration as would be expected, but also resulted in linear relations between measured GPP (from photosynthesis rates) with the product of the measured indices and incident photosynthetically active radiation (PAR) light.
The choice of crop model that can assist in integrating remotely sensed data is not critical provided it can simulate ground cover, above-ground biomass and yield. However, models that are difficult to amend to take input at nonstandard times will be problematic, while those that are flexible should find increasing joint application in the management of land across vast areas.
IV. CONCLUSION
Our objectives for this study were to evaluate the relationships between MODIS vegetation indices at the 250 m spatial resolution and 1) in situ measurements of FGrC, NDVI, and AGB, and 2) FGrC, LAI, and AGB from crop simulation models for Australian dryland wheat. The analysis was based on multiple paddocks and spanned multiple years. Results show the encouraging potential for using crop simulation models to develop a relationship between MODIS summed NDVI and AGB for Australian dryland wheat. The model fitted between MODIS summed NDVI and simulated AGB had a larger (0.92) and smaller RMSE (755 kg/ha) than the model fitted between MODIS and in situ AGB (1397 kg/ha). LAI was not measured in situ, but the linear models fitting simulated LAI to MODIS NDVI had smaller RMSE in LAI at anthesis (0.30) than at peak values (0.79). In addition to the opportunity to "extrapolate" AGB across a region using MODIS NDVI, the results also indicate that AGB may provide better "feedback" to assimilate into crop simulation than LAI. He has an extensive publication record and is currently working in various projects involving crop ideotype design and crop adaptation to rising elevated atmospheric and temperature under drought conditions. He joined the Victorian Department of Environment and Primary Industries (DEPI), VIC, Australia, in May 2005 after working for CSIRO for 5 years leading a subsoil constraint project in the semiarid Mallee region. Prior to that, he worked for 2 years in South Africa on sugarcane physiology and prior to that for 2 years in India and Africa on modeling dryland crops. Before that time, he worked for 18 years in animal, pasture, and crop agronomy and physiology in VIC, Australia.
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